Abstract Protein destabilization by amino acid substitutions is proposed to play a prominent role in widespread inherited human disorders, not just those known to involve protein misfolding and aggregation. To test this hypothesis, we computationally evaluate the effects on protein stability of all possible amino acid substitutions in 20 disease-associated proteins with multiple identified pathogenic missense mutations. For 18 of the 20 proteins studied, substitutions at known positions of pathogenic mutations are significantly more likely to destabilize the native protein fold (as indicated by more positive values of DDG). Thus, positions identified as sites of disease-associated mutations, as opposed to non-disease-associated sites, are predicted to be more vulnerable to protein destabilization upon amino acid substitution. This finding supports the notion that destabilization of native protein structure underlies the pathogenicity of broad set of missense mutations, even in cases where reduced protein stability and/or aggregation are not characteristic of the disease state.
Introduction
The need for proteins to adopt a stable folded structure constrains protein evolvability, as the destabilizing effects of many nascent amino acid substitutions negate any functional improvements they might confer (Drummond and Wilke 2008; Zeldovich et al. 2007; Bloom et al. 2006) . Amino acid substitutions encoded by disease-associated single nucleotide polymorphisms (SNPs) may owe their pathogenicity to disruption of one or more crucial features of the native protein, such as overall folding stability, ligand binding, allosteric coupling, catalytic activity, and post-translational maturation (Yue et al. 2005; Wang and Moult 2001; Xu and Zhang 2014) . Several computational tools, including FoldX (Guerois et al. 2002) , PolyPhen (Ramensky et al. 2002) , PANTHER (Thomas et al. 2003) , SIFT (Ng and Henikoff 2003) , nsSNPAnalyzer (Bao et al. 2005) , PhD-SNP (Capriotti et al. 2006) , Eris (Yin et al. 2007a, b) , SNAP (Bromberg and Rost 2007) , MutPred (Li et al. 2009 ), SNPs&GO (Calabrese et al. 2009 ), and PolyPhen2 (Adzhubei et al. 2010 ) have been developed to (i) determine the impact of pathogenic and benign mutations on the structure and function of a human protein, and (ii) identify mutations that can eliminate the deleterious effects introduced by pathogenic ones. However, it is still unclear whether disease-associated missense mutations are significantly enriched in regions of protein sequence with highest vulnerability to destabilization. To evaluate this possibility and the hypothesis that protein destabilization plays a role in the pathologies of diverse monogenic disorders, we perform an exhaustive survey of amino acid substitutions in 20 proteins with missense mutations linked to various human diseases. For each substitution, we calculate the resulting change in folding free energy (DDG) using the Eris software (Yin et al. 2007a, b; Ding and Dokholyan 2006) , utilizing available structures in the PDB as starting structures (Methods section). Substitutions involving cysteine residues (substitutions either to or from cysteine) are excluded, since these DDG calculations cannot account for the contribution of disulfide bonds to protein stability. Proteins surveyed in this study range in number of subunits from 1 (monomeric) to 10 (decameric) and are involved in human diseases involving disparate tissues and pathogenic mechanisms (Table 1) .
Despite a lack of evidence for involvement of misfolding and/or aggregation of disease-linked mutant proteins in many cases, the majority (18/20) of proteins assayed exhibit a statistically significant shift toward more positive DDG values (more destabilizing) for substitutions at sites of disease-associated missense mutations, as compared to those for mutations at non-disease-associated (''neutral'') sites (Table 1 ; Fig. 1 ). While a majority of proteins analyzed show a significantly increased propensity for global protein destabilization for substitutions at disease-associated positions (with p-values on the order of 10 -13 to 10 -16 ), prion and beta-glucuronidase proteins exhibit no significant differences in their distributions of calculated DDG values (when comparing substitutions at diseaselinked and neutral amino acid positions). It is possible that pathogenic substitutions in prion and beta-glucuronidase proteins do not influence the overall stability of the a Includes only positions at which amino acid substitutions were introduced for DDG calculations in this study (excludes cysteines and any missing residues in crystal structures) b As determined by a two-sample Kolmogorov-Smirnoff test comparing the complete sets of calculated DDG values for substitutions at positions of known disease mutations (''pathological'') to substitutions at sites without identified pathological mutations (''neutral'') proteins, but disrupt physiological functions by perturbing protein dynamics or interactions with other macromolecules (Sahni et al. 2015) .
Using the DDG values calculated as described above, we next evaluated in more detail the vulnerability of individual secondary structure elements of Cu/Zn superoxide dismutase (SOD1) to destabilizing amino acid substitutions (Khare et al. 2006 ). Sites of ALS-linked mutations in the gene encoding SOD1 are distributed throughout the protein sequence (Redler and Dokholyan 2012) , with the exception of a stretch of residues encompassing the third b-strand (Fig. 2a) . We hypothesize that the striking absence of pathogenic substitutions identified in this region could be explained by an increased tolerance to amino acid substitutions. If substitutions in b3 are more likely to be neutral or protective (having a distribution shifted toward more negative DDG values), then individuals with these polymorphisms would not be expected to present with ALS. Alternatively, if b3 substitutions tend to substantially destabilize SOD1 (more positive DDG values) to the point that expression of the mutant protein is potently toxic, such substitutions may have never been identified in individuals due to embryonic or early postnatal lethality. To explore this possibility, we compare the DDG distributions of SOD1's individual b-strands to each other and to the distributions for ''pathogenic'' and ''neutral'' amino acid and all other ''neutral'' amino acid positions (black curves). Bar graphs show the normalized frequencies of DDG values exceeding n 9 10 kcal/mol, where n is the number of subunits in the biological oligomeric assembly of each protein (Color figure online) positions in SOD1. We find that the distribution of calculated DDG values is substantially shifted toward more negative values (more stabilizing) for b3 (gray curve, Fig. 2b ) compared to all other individual b-strands, as well as to the sets of pathogenic and neutral positions. Our results suggest that the absence of ALS-associated mutations in b3 is due to this region's exceptional tolerance to amino acid substitution.
Based on this exhaustive survey, we conclude that missense mutations linked to genetic disorders are significantly more likely to occur at positions that perturb the structural stability of native proteins, even when their associated phenotypes do not include observable protein destabilization or aggregation. Prior work probing the link between stability change and pathogenicity of missense mutations has focused on characterization of relatively small sets of disease-linked amino acid substitutions (rather than evaluating all possible substitutions), or comprehensive in silico mutagenesis for a single protein (Stefl et al. 2013; Yin et al. 2007a, b) . For example, Sahni et al. (2015) recently evaluated the effect of disease-associated missense mutations on overall protein stability and the robustness of interactions with native binding partners, concluding that a minority of disease-linked substitutions lead to a significant overall decrease in protein stability. Rather, they report that pathogenic substitutions are more likely to disrupt a protein's interactions with its native binding partners. In assessing protein products of missense mutations more comprehensively, we find evidence for a widespread vulnerability of disease-associated amino acid positions to destabilizing substitutions.
Most proteins are marginally stable (Dokholyan and Shakhnovich 2001; Dokholyan 2008; Williams et al. 2006) in their functional forms and mutations linked to inherited human disorders exert their toxic effects through a variety of mechanisms, including disruption of the native folding behavior of the affected gene's protein product and concomitant loss of function or novel toxic properties. Our findings, in concordance with previous work, are consistent with the idea that even small reductions in protein stability can lead to dysfunctional proteins associated with human disease, and that disease-linked missense mutations are enriched in regions of protein sequence with highest vulnerability to destabilization. On the other hand, studies of protein evolution have shown that proteins can tolerate many amino acid substitutions, including substitutions at highly conserved regions, by introducing compensatory mutations to counterbalance the effects of deleterious mutations; this phenomenon may explain the fixation of human disease-associated amino acids as wild type residues in orthologous proteins of other species (Xu and Zhang 2014) .
All these findings point to the fact that the mutational landscape of proteins is exceedingly complex. Understanding of the biophysical underpinnings of selection for stable, correctly folded, and functional gene products is still lacking (Depristo et al. 2005) . Our work reveals a widespread vulnerability of sites of disease-associated mutations to destabilizing substitutions, even when reduced protein stability and/or aggregation are not characteristic of the disease state. Furthermore, the methodology employed provides a platform for the rational control of protein stability through mutagenesis, which could be useful in refining protein evolution models and improving prediction algorithms.
Methods
We employ the Eris suite (Yin et al. 2007a, b; Ding and Dokholyan 2006 ) (a protein stability evaluation software) to probe the effects of all possible amino acid substitutions in 20 proteins with multiple identified pathogenic missense mutations. Upon substitution, Eris algorithms re-pack the side chains of the residues surrounding the mutated residue using a Monte Carlo simulated annealing procedure. The change of protein stability induced by the mutations to the wild type protein is calculated in terms of DDG (DDG = DG mutant -DG wild type ), utilizing the Medusa force field. We calculate DDG for all possible substitutions at all amino acids included in the crystal structure, excluding substitutions to and from cysteine (i.e., for each amino acid in a given structure, DDG is calculated for 18 non-native variants). We classify amino acid positions as disease-associated if these sites contain at least one pathogenic missense mutation, as documented in the Human Gene Mutation Database (www.hgmd.cf.ac.uk). The differences between sets of all calculated DDG values for disease-associated and neutral amino acid positions are evaluated for significance using the Kolmogorov-Smirnov test (Press et al. 2007 ).
